PI3K activation is the starting point of signaling pathways relaying on changes in the phosphorylation levels of membrane phosphoinositides. These pathways have been involved in several neuronal processes, including cellular growth and survival, differentiation, neuroprotection, dendritic growing, and synaptic plasticity among others. Recent data from Drosophila and rodents have demonstrated an unexpected role of PI3K controlling synapse number that lead to functional and behavioral effects. In the short-term, PI3K is also required for maintaining AMPA receptor clustering at the postsynaptic membranes. We review here the PI3K roles regulating synapse number and functionality.
Introduction
The PI3K intracellular signaling pathway is one of the most relevant players in a variety of biological processes in many cell types, including cell growth and survival, proliferation, differentiation, cytoskeletal remodeling, and traffi cking of intracellular organelles, among others. Of extraordinary clinical importance, the PI3K is a common player in multiple signaling pathways; it has been shown to be altered in a number of pathologic conditions, including cancer and several neurodegenerative diseases. The large number of articles and research efforts that have been devoted to understanding its complex roles and functions also attests to its relevance. A simple PUBMED search of the terms PI3K and cancer together yields close to 5000 articles, whereas PI3K and development provides nearly 2000. Furthermore, 1273 reviews have so far been written on the topic of PI3K ( http://www.ncbi.nlm.nih. gov ). This wealth of information is drastically reduced when we focus on the role of PI3K in synaptogenesis and synaptic transmission, with slightly more than a dozen research articles published since 2002, and only one seven-year-old review addressing the function of IGF1 in the brain (Bondy and Cheng , 2004 ) . Even so, the complexity of the PI3K signaling network compels us to establish a clear limit to the scope of our work. As a result, our review will focus only on the articles that deal with, or support a direct function of, PI3K in regulating either synaptic formation or its functionality. Encouraged by the work we set out to accomplish, our hope is that this new review will help fi ll this gap. We also apologize for the number of excellent articles that, owing to space limitations, have been left out.
Modulation of synapse numbers in Drosophila and the PI3K pathway
This research began with the discovery back in 1976 of a Drosophila morphogenetic mutant that was given the name gigas (meaning " gigantic " in Latin), because its cells were considerably larger than those of normal fl ies (Ferrus and Garcia -Bellido, 1976 ) . In order to determine whether the increase in cell size had any functional consequences, homozygous mutant gigas genetic mosaics were generated in otherwise phenotypically wild-type individuals. Indeed, gigas genetic mosaics displayed larger sensory and motor neurons with more prominent axons and terminals, although no changes were observed in their numbers. Even more interesting, mutant photoreceptors and olfactory sensory neurons established two to three times more synapses on genetically normal interneurons of the lamina optic neuropile (Canal et al. , 1994 ) and central olfactory sensory neurons, respectively (Acebes and Ferrus , 2001 ) . In both sensory systems, this gigas-dependent synaptic increase had functional consequences, modifying the phototactic response and olfactory perception of the fl ies. The gigas gene encodes the fl y ortholog of the human tuberin, also known as tuberous sclerosis complex 2 (TSC2) protein (Ito and Rubin , 1999 ) . TSC2 is a tumor suppressor gene (Crino et al. , 2006 ) that plays a role in metabolism control and in ligand growth factor signaling by repressing the mTOR (target of rapamycin) kinase (Wullschleger et al. , 2006 ) , a key regulator of the insulin cascade signaling pathway involved in protein synthesis and cell growth (Marygold and Leevers , 2002 ; Inoki et al. , 2003 ) . The discovery of this connection between gigas / TSC2 and the insulin pathway paved the way for intensive genetic analysis in fl ies. The synaptogenic activity of all known elements of the insulin cascade pathway were thoroughly tested in Drosophila , using genetic tools to control their expression in selected neuron groups (Martin -Pena et al., 2006 ;  Figure  1 ). In both larval and adult neurons , the number of synapses increases nearly two-fold after overexpressing the PI3K catalytic subunit Dp110 gene (Leevers et al. , 1996 ) . PI3K acts in a cell-autonomous manner and leaves the neuronal number unchanged. This PI3K synaptogenic activity also requires two additional signaling elements: the Drosophila serine/threonine protein kinase Akt1 (dAkt1) and a member of the Ras family of GTPases, referred to as Ras homolog enriched in brain (dRheb). Conversely, the upregulation of a dominant negative form of PI3K, reduces the number of synaptic contacts in both the larval neuromuscular junction (Martin -Pena et al., 2006 ; Figure 1 ) and local interneurons of the antennal lobe . Additionally, the overexpression of Shaggy , another element downstream from Akt , ortholog to the glycogen synthase kinase 3 (GSK3) gene in vertebrates and a repressor of the PI3K pathway, similarly reduces the number of synapses. The supernumerary PI3K-dependent synapses are functional, as they elicit physiologic changes. Electrophysiologic recordings from Drosophila larval neurons show larger evoked postsynaptic current amplitudes and increments in both miniature end plate postsynaptic potentials (MEPPs) frequency and amplitude in fl ies overexpressing PI3K (Martin -Pena et al., 2006 ) . In mammals, rat hippocampal cultured neurons stimulated with a PI3K-activating peptide display an increase in the basal frequency of spontaneous miniature excitatory currents, consistent with an increase in the number of functional synapses (Cuesto et al. , 2011 ) .
One major advantage of PI3K regulation of synaptic density is the fact that PI3K is also able to induce synapses in mature brain neurons of aged fl ies (Martin -Pena et al., 2006 ) , opening up the possibility for neuronal rejuvenation in fully mature, or very aged, neurons, in consonance with the well known neuroprotective role of PI3K (Marte and Downward , 1997 ) . Further work will be needed to establish whether PI3K exerts the same effect on neurons in aged mammalian brains.
Structural features of PI3K
At the molecular level, PI3K inositol lipid kinases have been classifi ed into three different groups (I, II and II). Class IA, which is the best characterized, consists of heterodimers composed of a regulatory (p85) and a catalytic subunit (p110) (Wymann and Pirola , 1998 ) . Multiple IA isoforms have been described for both the regulatory subunit (p85 α , p85 β , p55 α , p50 α and p55 γ ) and the catalytic subunit (p110 α , p110 β and p110 δ ). In vivo , the activation of IA PI3K by growth factors such as insulin or Rho family GTPases stimulates the conversion of 4,5-phosphatidylinositol (PIP2) to 3,4,5-phosphatidylinositol (PIP3) (Vanhaesebroeck et al. , 2001 ; Wu et al. , 2007 ) . In the opposite direction, the phosphatase PTEN dephosphorylates PIP3 on position 3, reverting the action of PI3K (Maehama and Dixon , 1998 ) . PIP3 is crucial for recruitment to the membrane and subsequent activation of the serine/threonine kinase Akt, that, in turn, results in the inhibition by phosphorylation of several substrates, among them, the aforementioned GSK3 and TSC proteins, which negatively regulate mTOR and, therefore, several key components of the translation apparatus (Ruggero and Sonenberg , 2005 ; Manning and Cantley , 2007 ) .
Archetypical PI3K synaptogenic pathway: crossing over to mammals
Interestingly, the PI3K/Akt/mTOR pathway is extremely well conserved across phyla (Ruggero and Sonenberg , 2005 ) . In addition, there are evidences that support the involvement of PI3K signaling cascade elements in synaptogenesis in mammals. Thus, alterations in the expression of the PTEN gene cause multiple deleterious effects on the synapse, including structural defects, myelination abnormalities and impaired synaptic transmission (Fraser et al. , 2008 ) . Moreover, axonal retraction or overgrowth depends to a great extent on the activity levels of GSK3 (Jiang et al. , 2005 ; Yoshimura et al. , 2006 ) , whereas synaptic plasticity and dendritic elongation are mediated by the mTOR kinase and the serine/threonine protein S6 kinase (S6K), two downstream elements of the PI3K/Akt pathway (Tang et al. , 2002 ; Tsokas et al. , 2005 ) . A further demonstration of the PI3K-dependent control of synapse numbers in mammalian neurons was obtained using PDT4-PI3KAc, a membrane-permeable peptide that makes it possible to increase PI3K activation levels in a regulated manner. PI3K stimulation increases the density of synapses in hippocampal cultured cells, independently of cell density, culture age, and synapse type. Accordingly, PI3K activation raises PSD95 and synapsin expression levels, while the use of PI3K-Akt inhibitors decreases both synaptic density and synaptic protein expression (Cuesto et al. , 2011 ; Figure 2 ) .
As in Drosophila , both electrophysiologic recordings and behavioral tests demonstrate the functionality of the new PI3K-induced synapses and spines. In mammalian brains, activation of PI3K by intraventricular injection of PDT4-PI3KAc also has behavioral consequences, as shown by the use of a rodent contextual fear-conditioning test to evaluate memory processes that depend on the dorsal hippocampus and the amygdala (Kim and Fanselow , 1992 ; Phillips and LeDoux , 1992 ; Lopez -Fernandez et al., 2007 ) . Accordingly, rats injected with PTD4-PI3KAc displayed a signifi cantly enhanced contextual fear memory compared with those that had been treated with PTD4 alone (Cuesto et al. , 2011 ; Figure 2 ).
PI3K regulates dendrite morphogenesis and spinogenesis
The activation of the PI3K/Akt/mTOR pathway in cultured hippocampal neurons increases both the dendrite number and branching of the cells, and alters the shape of the dendritic tree (Jaworski et al. , 2005 ) . Two major fi ndings confi rm the involvement of PI3K in the control of dendritic growth. First, the RNAi knockdown of PTEN exhibits a similar dendritic branching increase phenotype as an overexpression of the p110 membrane tagged subunit of PI3K, indicating that elaborate dendritic branching requires high levels of PIP3 within the cell. Second, pharmacologic inhibition of PI3K or Akt causes a loss of dendrites. Interestingly, the effect of p110 overexpression on dendrites is lost in mature neurons in culture ( > 14 days in vitro ) (Jaworski et al. , 2005 ) , in agreement with the lack of differences in arborization complexity between untreated and PTD4-PI3KAc-treated hippocampal neurons at 12 and 21 days in culture (Cuesto et al. , 2011 ) . In contrast with this specifi c timing in vitro , selective overexpression of PI3K in adult projection neurons of both young (seven-day-old) and aged (52-day-old) Drosophila fl ies increases dendritic branching compared with genetically normal neurons (Martin -Pena et al., 2006 ) . Similarly, pyramidal cortex neurons in adult brains (3 -4 months) of the conditional PTEN deletion mouse exhibit much longer and complex dendrites than those of control animals, with dendritic hypertrophy affecting only the PTD4-PI3KAc increases synaptic density and spine density in both hippocampal neurons in culture and in in vivo rat hippocampus (A, B). In the case of hippocampal neurons in culture, the levels of PSD95, synapsin and phospho-Akt (C) also increased in response to the activator peptide. The transduction peptide PTD4 by itself had no effect, whereas the PI3K inhibitor LY294002 signifi cantly reduced phospho-Akt and synapsin levels. Modifi ed with permission from Cuesto et al. (2011) . apical dendrites (Chow et al. , 2009 ). Even though differences exist among experimental systems, it should be noted that all of the aforementioned sets of data demonstrate that dendrite morphogenesis is controlled through a PI3K-dependent mechanism. Dendritic spinogenesis is crucial for fi ne tuning excitatory glutamatergic synaptic connectivity and function. As further evidence of the involvement of the PI3K pathway in synaptic physiology, conditional mutant PTEN mice also exhibit an increase in spine density (Kwon et al. , 2006 ) . Furthermore, pharmacologic stimulation of PI3K with the activating peptide PTD4-PI3KAc increases the density of spines in cultured and in vivo hippocampal neurons (Cuesto et al. , 2011 ) . In line with this fi nding, recent data show that pharmacologic blockade of the PI3K/Akt/mTOR pathway and the small GTPase Rac1 specifi cally prevents the increase in dendritic spine density induced by insulin in hippocampal neurons (Lee et al. , 2011 ) . In fact, localized activation of Rac in a mechanism dependent of GIT1 (G-protein-coupled receptor kinase-interacting protein 1), PAK ( p-21-activated kinase), and PIX (a GEF of Rac1) plays an essential role in the regulation of dendritic spines and synapse formation (Zhang et al. , 2005 ) . These data confi rm that the pathway sustaining PI3K synaptogenesis regulates spine density, probably in conjunction with other signaling cascades.
PI3K synaptogenic pathway: tracing the path
But just where and how is the PI3K-dependent synaptogenic signal generated ? The fi rst possibility arises from PI3K activation after the binding of a ligand to its corresponding tyrosine kinase receptor (TKR) in the neuronal membrane. Several growth factors, including BDGF, NGF, and IGF-1 are known to be involved in neuronal development and differentiation. In this context, recent work has shown that insulin promotes dendritic spine and synapse formation in cultured hippocampal neurons through both the PI3K/Akt/mTOR and the Rac1 signaling network (Lee et al. , 2011 ) . In addition, previous data indicate that the canonical insulin signaling pathway plays a role in synaptic regulation by stimulating the local translation of selected mRNAs in a neuronal activity-dependent process (Schratt et al. , 2004 ) , inducing insulin-dependent functional changes in the synapse that are selective for AMPA, but not for N-methyl-D-aspartate (NMDA) glutamate receptors (Huang and Bergles , 2004 ) , or promoting the local dendritic expression of PSD95, a major scaffolding postsynaptic protein in glutamatergic synapses (Lee et al. , 2005 ) . In Drosophila , however, up-or downregulation in the levels of the insulin receptor (by dInR and dInR DN overexpression) and Chico, the fl y ortholog of the vertebrate insulin receptor substrates (IRS), affect synapse number, but also play a role in cell proliferation, i.e., they also modify the number of cells (Martin -Pena et al., 2006 ) . Hence, in fl ies, the selective, nonproliferative effect of PI3K on synaptogenesis seems to be InR-independent. Another candidate necessary for cell proliferation and viability, and which controls cell size in Drosophila , the epidermal growth factor receptor (EGFR) (Diaz -Benjumea and Hafen, 1994 ), showed no signifi cant changes in synapse numbers, clearly indicating that cell size changes are not directly involved in controlling the number of synapses (Martin -Pena et al., 2006 ) . In view of all this evidence, it is not completely clear whether a specifi c and singular ' synaptogenic ligand ' that binds to a ' synaptogenic receptor ' actually exists.
The second approach is to focus on the analysis of other synaptogenic components of the signaling cascade downstream from PI3K. In vertebrates, mTOR has been shown to be involved in cell size control, synaptic plasticity, dendritic morphology, and axonal regeneration (Cammalleri et al. , 2003 ; Hay and Sonenberg , 2004 ; Jaworski et al. , 2005 ; Jaworski and Sheng , 2006 ) . mTOR inhibition by rapamycin, a specifi c inhibitor of mTOR, fails to block the effects of PI3K activation by PTD4-PI3KAc. However, in cultured hippocampal neurons, rapamycin decreases synaptic density, suggesting that mTOR activity plays a role in maintaining synaptic structures (Cuesto et al. , 2011 ) . In turn, data from Drosophila indicate that several elements of the canonical PI3K signaling pathway, such as dAkt, Rheb, and Shaggy/GSK3, are able to modify synapse numbers, whereas other components of the cascade, such as dTOR and S6K, leave the number of synapses unchanged (Martin -Pena et al., 2006 ) . Hence, all the experimental evidence from vertebrates and insects would seem to indicate that the synaptogenic pathway depends on PI3K-Akt, but through an mTOR-independent mechanism, possibly involving other components downstream from Akt signaling in synaptogenesis. Most likely, the formation of new synapses would require multiple, varied targets, as well as the close orchestration of several signaling pathways. Further comparative studies between vertebrates and insects should help to clarify the signaling elements involved in synaptic formation.
PI3K and synaptic transmission: receptor clustering
So far, we have discussed the role of PI3K in neuronal structural plasticity, but several experimental results have also suggested a direct role for PI3K in the regulation of glutamatergic synaptic function and functional synaptic plasticity. Excitatory postsynaptic currents (EPSCs) are composed of two pharmacologically and electrophysiologically different components: a fast, prominent component mediated by the opening of AMPA receptors (AMPARs) and a much slower, smaller component mediated by NMDA receptors (Bekkers and Stevens , 1989 ) . It has been proposed that high PIP3 levels at the postsynaptic membrane are required for maintaining AMPARs close to the postsynaptic density (PSD). In CA1 postsynaptic neurons from organotypic cultures, quenching of PIP3 levels by overexpressing the pleckstrin homology domain from general receptor for phosphoinositides (PH-GRP1) causes a signifi cant, selective depression of synaptic AMPA responses, with no effect on the NMDA component, and also blocks both long-term potentiation (LTP) induction and expression (Arendt et al. , 2010 ) . It is reasonable to assume that inhibition of PIP3 synthesis using chemical PI3K inhibitors would lead to similar results. In fact, the treatment of cultured hippocampal neurons with LY294002 (a reversible inhibitor of PI3K) or wortmannin (an irreversible blocker of PI3K) reduces the AMPA/NMDA ratio of the synaptic response. In the same experimental system, the overexpression of a constitutively active catalytic p110 subunit (a myristoylated p110 fusion protein artifi cially targeted to the membrane) enhances AMPA transmission (Arendt et al. , 2010 ) . Accordingly, PTEN overexpression depresses the AMPA-EPSC component (Jurado et al., 2011) .
The continuous cycling of AMPARs in and out of the synaptic membrane is one of the mechanisms thought to underlie the expression of both LTP and long-term depression (LTD) (Morales and Goda , 1999 ) . In hippocampal slices, the application of a depolarizing pulse-induced potentiation protocol (DPP), a type of potentiation that is different from the conventional NMDA-mediated LTP, results in an increase in the amplitude of miniature spontaneous EPSCs (mEPSCs) (Liao et al. , 2001 ; Lu et al. , 2009 ). This type of potentiation requires an increase in intracellular calcium concentration driven by the opening of L-type calcium channels, and is mediated by the insertion of new GluA2 subunits in the postsynaptic membrane. In this model, the traffi cking of AMPA receptors is inhibited by interacting peptides that target the GluA2-NSF binding domain and by the application of PI3K chemical inhibitors (Baxter and Wyllie , 2006 ) .
Previous reports have hinted at a relationship among PI3K, AMPAR insertion, and LTP. The use of a glycine-LTP inducing protocol in cultured hippocampal neurons and hippocampal slices is known to induce a persistent increase in both the amplitude and frequency of mEPSCs specifi cally affecting the AMPA component (Wyllie et al. , 1994 ) . Furthermore, pharmacologic inhibition of PI3K blocks LTP-like induction after glycine application (Man et al. , 2003 ) . Interestingly enough, intracellular perfusion through the recording pipette of a PI3K purifi ed complex induces a potentiation of mEPSCs that occludes the glycine-induced LTP (Man et al. , 2003 ) . Clearly, this experiment demonstrates that PI3K activation by itself is capable of potentiating the mEPSCs specifi c to the AMPA component. Supporting this hypothesis, it has been proven that the functional state of several components of the PI3K signaling pathway is also modulated in response to a LTP protocol. In hippocampal slices, the induction of LTP by tetanic stimulation (100 Hz) raises the phosphorylation levels of Akt (in Thr-308) and MAPK/ERK kinase, while also increasing p70S6K levels (Sanna et al. , 2002 ) . However, other experiments using ERK inhibitors suggest that PI3K regulation of LTP is ERK-independent (Opazo et al. , 2003 ) . Similar results have been obtained in vivo . The use of tetanic stimulation for inducing LTP in the medial prefrontal cortex area in rats led to the activation of several components of the PI3K signaling pathway, including Akt, mTOR, p79S6K, and 4E-BP1 (Sui et al. , 2008 ) Additionally, LTP stimulation on the dentate gyrus pathway also raised the phosphorylation levels of Akt in the CA1 area of the hippocampus. However, LTP induction in an in vivo brain results in a phosphorylation increase in Ser-473, but not Thr-308 (Horwood et al. , 2006 ; Sui et al. , 2008 ) . Experiments inhibiting PI3K signaling further support the relationship between LTP and PI3K. In fact, continuous perfusion of hippocampal slices with LY294002 or wortmannin either reduced the expression of LTP, without affecting its induction (Sanna et al. , 2002 ) , or completely blocked the induction of LTP (Opazo et al. , 2003 ) . In the fi rst study, the LTP established by tetanic stimulation could be reversibly abated during the expression phase (usually several minutes after the stimulation protocol) by the addition of LY294002, which reduced the EPSC amplitude back to preLTP control levels (Sanna et al. , 2002 ) . On the contrary, in the second work, PI3K inhibitors were reported to strongly suppress LTP induction, but had no effect on the expression phase (Opazo et al. , 2003 ) .
The in vivo experimental results are more diffi cult to interpret as a result of their complexity. It would seem that LTP is also blocked by chemical PI3K inhibitor perfusion, but only when LTP is induced by a single tetanus stimulus but not by repeated tetanus (six times at 400 Hz) stimuli (Horwood et al. , 2006 ) . Unfortunately, the authors did not provide information on the activation status of PI3K after each type of stimulation. Despite the differences between the experimental systems and the applied protocols, all these data indicate that PI3K activity is not required for the early induction of LTP, but it is necessary for its expression. Furthermore, PI3K activation, with the consequent regulation of PIP3 levels in the postsynaptic membrane, is enough to induce AMPAR insertion (Figure 3 ).
Deciphering PI3K postsynaptic mechanisms
What is the molecular evidence that might explain the effects of PI3K on postsynaptic terminals ? The smoking gun would be the localization of PI3K in the synaptic terminals and some fi ndings point out in this direction. First, an immunocytochemical analysis has shown that the regulatory subunit p85 co-localizes with the GluA2 subunit of AMPA receptors, mostly close to the presynaptic marker synaptophysin (Man et al. , 2003 ) . Second, co-immunoprecipitation experiments on slices and cultured hippocampal neurons indicate a direct interaction between p85 and the C-terminal of GluA2 receptors, but not with NMDA receptors. Of particular interest for determining the role of PI3K, when the kinase activity of this co-immunoprecipitated complex was analyzed, a twofold rise in the PIP3 formation rate was observed in response to a glycine-LTP protocol, but not after an NMDA depolarization (Man et al. , 2003 ) . This is in agreement with the aforementioned PI3K overactivation reported after LTP induction by high-frequency stimulation in hippocampal slices (Sanna et al. , 2002 ) . Interestingly, neuronal depolarization by bath application of NMDA or AMPA had no effect on PI3K activity (Man et al. , 2003 ) .
Other experiments provide a hint at what may be the possible mechanism. Depletion of PIP3, either by overexpressing PH-GRP1 or through the use of PI3K inhibitors, regulates AMPA receptor mobility and increases AMPA receptor accumulation within dendritic spines, mainly at extrasynaptic compartments (Arendt et al. , 2010 ) . Curiously, experiments involving fl uorescence recovery after photobleaching (FRAP) aimed at measuring the mobility of AMPA receptors revealed a larger mobile fraction of GluA2 receptors under the same experimental conditions (Arendt et al. , 2010 ) , which is consistent with a decrease in the stability of a subpopulation of postsynaptic AMPA receptors in the absence of PIP3. Therefore, a basal level of PI3K activity appears to be required for maintaining a constant number of AMPA receptors at the postsynaptic membrane. The localization of other components of the postsynaptic density is also controlled by PI3K activity, for example PIP3 depletion through the use of PI3K inhibitors also causes a signifi cant reduction of PSD95 accumulation in dendritic spines (Arendt et al. , 2010 ) . Even though there is no direct experimental evidence of the opposite effects (i.e., higher accumulation of PSD95 in response to increased levels of Figure 3 Summary of the effects of PI3K on AMPA receptor traffi cking. The cycling of the GluA2 subtype of AMPA receptors is regulated by the membrane levels of PIP3/PIP2. Conversely, the insertion and clustering of new AMPA receptors is preferentially directed by PI3K activation and the rise of PIP3 levels. PI3K binds to the C-terminus of the GluA2 subunit and becomes activated after an LTP protocol or an increase in intraterminal calcium concentration (through the opening of L-type calcium channels). The intracellular localization of PI3K is speculative: the kinase might be bound to GluA2 receptors or directly attached to the postsynaptic membrane. The rise of PIP3 also increases the expression levels of PSD95, a scaffolding protein of the postsynaptic membrane. In addition, PTEN, the negative regulator of the PI3K pathway, binds to the PDZ domains of PSD95 in response to NMDA receptor activation. The presumed interaction between p85 and PTEN is represented with a question mark. PIP3), indirect evidence does seem to point in this direction. Along these lines, brain-derived neurotrophic factor (BDNF) application to visual cortical neurons in culture increases PSD95 delivery into dendritic spines through a PI3K-dependent mechanism (Yoshii and Constantine -Paton, 2007 ) , and treatment with insulin promotes the local synthesis of PSD95 at the dendrites in a PI3K-Akt-mTor-dependent manner (Lee et al. , 2005 ) . The regulatory subunit p85 is not the only component of the PI3K signaling pathway that is present at postsynaptic densities. PTEN, the negative regulator of PI3K activity, is also found in excitatory postsynaptic densities and dendritic spines (Perandones et al. , 2004 ) . PTEN is extensively expressed throughout the central nervous system, and deletion or mutations of PTEN are associated with mental retardation and spine sprouting (Kwon et al. , 2006 ; Fraser et al. , 2008 ) . PTEN has a PDZ interaction domain on its C-terminus that should theoretically allow it to interact with multiple proteins (Valiente et al. , 2005 ) . At the postsynaptic membrane, NMDA activation triggers a PDZdependent association between PTEN and PSD95 (Jurado et al. , 2010 ) . This association results in localization of PTEN within the spines and a decrease of its mobility, as measured with a FRAP protocol. Consistent with the effects of PIP3 on AMPA receptor stability, overexpression of PTEN produces a signifi cant depression of the EPSC AMPA component without affecting the NMDA response (Jurado et al. , 2010 ) .
Their molecular localization and interaction with the different components of the postsynaptic density situate PI3K and PTEN at the best possible place to regulate PIP3 metabolism and AMPAR insertion. One might speculate that the different role of PI3K in processes such as LTP or LTD would be based on the targeting of different complexes carrying p85 α , p85 α -PTEN or PTEN by itself to the postsynaptic density. Such complexes would modify the levels of PIP3 in different temporal ranges and would, therefore, differentially regulate AMPA traffi cking and clustering. However, if PSD95-PTEN and P85-GluA2 complexes coexist as different entities at the postsynaptic membrane, the recent fi nding that the regulatory subunit p85 α directly binds and targets PTEN to the membrane in a growth factor-dependent manner adds yet another level of complexity to the role of PI3K in synaptic transmission (Chagpar et al. , 2010 ) . The ubiquity of p85 α in the nervous system is consistent with such interaction at the postsynaptic membrane. Nevertheless, the existence of different neuronal isoforms, such as p55 α and p55 γ , which lack the PTEN interaction domains (Inukai et al. , 1997 ; Shin et al. , 1998 ) , once again represents a further level of complexity. Obviously, the molecular identifi cation of the several p85 isoforms located at the postsynaptic membrane would help to clarify this point (Figure 3 ).
Concluding remarks
Despite what is, to date, an incomplete picture of the signaling pathway underlying PI3K-dependent synaptogenesis, we are able to reduce synaptic density by downregulating PI3K expression levels and also induce new functional synapses through PI3K activation, both in fl ies and mature mammalian brains. Even more interesting is that these new synapses are fully integrated into previously existing synaptic circuitries and neuronal networks, modifying behavior. However, signifi cant differences can be observed in the magnitude of the synaptic increase between fl ies and rodents. This is probably owing to the fact that the genetic method greatly increases the expression levels of active protein, whereas the peptide used in mammalian neurons only provides short-term control over PI3K activity. All these results fi t in with the well-documented role of PI3K in synaptic plasticity, receptor clustering at the postsynaptic membrane, and LTP and LTD processes. Now that we have seen the tip of the iceberg of this new synaptogenic role of PI3K, it is time to fi nd out what is still lurking under the water.
